ABSTRACT
INTRODUCTION
Neuronal processes (axons and dendrites) grow, turn, branch, stop, and form synapses in response to highly localized signals in their environment (12) . Although this subcellular specialization is especially prominent in neurons, many cell types make local responses to local cues as they differentiate, become polarized, or migrate.
To understand the mechanisms that underlie such local phenomena, it is obviously important to present putative cues to restricted portions of the cell. However, in many cases, cell-environment interactions have been analyzed in vitro by growing the cells on substrata uniformly coated with putative signaling molecules or by applying molecules in soluble form. In large part, this is because methods available for constructing patterned substrates involve laborious, complex, or expensive techniques such as photolithography, microstamping, or microfluidic patterning (2, 3, 6, 7, 13) . Here we report a simple, alternative approach in which small dots of protein are applied to culture dishes ballistically (or biolistically) using a gene gun (8) . In this system, the cells encounter spots of protein immobilized on an otherwise uniform substrate. We demonstrate the utility of the method by showing that neurites of primary motoneurons form varicosities and cluster synaptic vesicles at points of apposition to a known inducer of presynaptic differentiation (5) . We also provide protocols for exploiting biotinavidin and antibody-antigen interactions to prepare spots with proteins that are dilute, labile, or in short supply.
MATERIALS AND METHODS

Making Dots
Eight-well chamber slides (Nalge Nunc International, Rochester, NY, USA) were coated with polyornithine (1.5 µg/mL; Sigma, St. Louis, MO, USA) in sterile water for 30 min and dried. The slides were then positioned so that the opening of a single well was centered on, and directly opposed to, a tissue culture membrane insert attached to a Helios gene gun (Bio-Rad Laboratories, Hercules, CA, USA) ( Figure  1A ). Neighboring wells were masked with Parafilm ® . The gun was fired as described below, the chamber slide and the Parafilm were repositioned, and the process was repeated until all wells had been spotted. Slides were left to dry under sterile conditions for 30 min and then were coated with a solution of mouse laminin (10 µg/mL; Invitrogen, Carlsbad, CA, USA) in L-15 medium at 37°C overnight.
To prepare cartridges, Gold-Coat tubing (Bio-Rad Laboratories) was coated with 1% polyvinylpyrrolidone in ethanol, as recommended by the manufacturer, and then cut into 1-1.5 in lengths. The tubing was syringeloaded with proteins dissolved in sterile PBS and left for 5 min before being drained, cut with the Tubing Cutter (Bio-Rad Laboratories) into 0.5-in segments, and loaded into a Helios gene gun. Delays greater than 10 min between draining and firing a cartridge greatly reduced the amount of protein reaching the dish surface, probably because of drying within the tube.
To adjust the dot size, a 25-mm sterile polycarbonate tissue culture insert (Nalge Nunc International) of either 3-or 8-µm pore size was fitted over the barrel liner of the gene gun and secured with tape ( Figure 1A ). To accommodate the filter, we removed the spacers from the end of the barrel liner. Helium pressure was adjusted to 80 or 120 psi for the 3-or 8-µm membrane, respectively. Before shooting a new protein solution, the membranes were replaced or cleared with several blank shots to eliminate cross-contamination.
The sources and concentrations of proteins applied biolistically are as follows: BSA (3.3 mg/mL for motorneuron culture; otherwise 200 µg/mL) (Sigma); 200 µg/mL BSA conjugated to Alexa Fluor (Ax) 488 (BSA-Ax488) (Molecular Probes, Eugene, OR, USA); 1.5 mg/mL poly-D-lysine; 2 mg/ mL fluorescein isothiocyanate (FITC)-conjugated poly-D-lysine (fPL) (both from Sigma); 200 µg/mL biotin-conjugated BSA; and 200 µg/mL donkey anti-goat IgG Ax 488 conjugate (Molecular Probes).
To generate multilayered dots, the slides were shot as above, washed three times with PBS, and then incubated with one of the following proteins diluted in L-15 medium supplemented with FCS or BSA: 25 µg/mL rhodamine-conjugated avidin, 10 µg/mL streptavidin-Ax 568, 5 µg/mL biotinconjugated goat anti-mouse IgG (Amersham Biosciences, Piscataway, NJ, USA), 2 µg/mL goat anti-mouse IgG2a Ax 568 conjugate, donkey antigoat IgG Ax 568 conjugate, or donkey anti-goat IgG Ax 488 conjugate.
Tissue Culture
Motoneurons were purified from E12.5 mouse embryos by density centrifugation at 500× g for 15 min in OptiPrep (Sigma) as previously described (1) . Purified motoneurons were plated onto spotted, laminin-coated chamber slides and grown for five days in Neurobasal media (Invitrogen) with B27 supplement (2% v/v) (Invitrogen), horse serum (2% v/v), 0.5 mM L-glutamine,
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25 µM L-glutamate, 25 µM β-mercaptoethanol, and 10 ng/mL BDNF at 37°C and 7.5% CO 2 .
Histology
Motoneurons were fixed with 4% paraformaldehyde in PBS for 15 min at room temperature. The cells were washed three times with PBS before the remaining paraformaldehyde was scavenged, and the cells were permeabilized with 50 mM lysine in PBS plus Triton ® X-100 (0. Images were collected on a Axioplan2 microscope (Carl Zeiss, Thornwood, NY, USA) with a MagnaFire camera (Optronics, Goleta, CA, USA) and rendered with Adobe ® Photoshop ® version 6.0.
RESULTS AND DISCUSSION
The gene gun uses a burst of pressurized helium to propel the particles. Although it is designed to shoot DNAcoated gold microspheres, we found that it is also able to spray solutions onto culture dishes similar to an atomizer. In initial tests, the spray pattern consisted of large, irregular splotches, whereas we wanted to present the neurites with dots approximately 1 µm in diameter. Therefore, we affixed a porous polycarbonate tissue culture insert over the barrel of the gene gun to break up the droplets ( Figure 1A ). With this modification, smaller dots were produced over an area that was approximately 4 mm in diameter. The dot size varied with the pore size of the membrane affixed to the gun: a 3-µm pore size generated dots with diameters of 0.1-1 µm, while an 8-µm pore size generated dots that ranged up to 5 µm in diameter (Figure 1, B-D) .
Local Responses of Motor Neurites to Dots
Neurites growing on large (approximately 50 µm) beads coated with poly-D-lysine show multiple sites of presynaptic differentiation in which synaptic vesicles are clustered within swellings of neurites (5) . To examine the utility of our method, we prepared a dish spotted with polylysine using an 8-µm membrane. The unmodified polylysine was mixed with fluorescein-conjugated polylysine so that the dots would be identifiable. Other wells were spotted with a mixture of BSA and BSAAx488 as a control. Laminin was then applied to all wells, and embryonic motorneurons were plated in them.
The frequency and intensity of polylysine-or BSA-containing dots in cultures maintained for five days did not differ substantially from those examined immediately after spotting, thus demonstrating the long-term stability of spotted substrates. Neurites accumulated SV2 at points of contact with polylysine dots (Figure 2, A-D) , indicating the presence of synaptic vesicles (4, 11) . In addition, the neurite diameter often increased locally at the dots, forming varicosities similar to those observed at developing neuromuscular junctions in vivo (10).
These results demonstrate both molecular and morphological presynaptic differentiation. Neurites that encountered BSA dots did not accumulate SV2 or form varicosities (Figure 2, E-H) . These results show that spotted substrates can elicit biologically meaningful localized responses to patterned signals.
Using Dots for Protein Capture
Spotting requires a relatively large quantity of protein (approximately 100 µL protein solution at an active concenShort Technical Reports tration) with an activity that is stable to drying on the dish. Polylysine is well suited for spotting because it is readily available, pure, inexpensive, and stable. However, few proteins capable of eliciting biological responses are likely to have these qualities. To circumvent these limitations, we tested the possibility of using biotin-avidin and antibody-antigen interactions to trap the proteins on the spots.
To assess the ability of biotin to recruit avidin to the dots, polyornithinecoated chamber slides were spotted with biotinylated BSA plus BSAAx488, coated with laminin, and then incubated with rhodaminated avidin (in L-15 medium supplemented with BSA for 12 h at room temperature). After washing, avidin was specifically bound to the dots ( Figure 3A) . Identical dishes spotted with BSA plus BSA-Ax488 before incubation with rhodamineavidin showed no avidin binding ( Figure 3B) .
To assess the ability of immobilized avidin to bind a biotinylated protein to the dots, we attempted to spot dishes with avidin. However, we found that avidin immobilized in this way was unable to bind significant quantities of biotinylated protein (data not shown), perhaps because of inactivation during drying (9) . To overcome this problem, the slides were spotted with biotinylated BSA and then coated with laminin and treated sequentially with streptavidin-Ax568 and biotinylated goat antimouse IgG. To detect bound biotinylated protein, we added donkey anti-goat Ax488. Following this sequence, streptavidin and biotinylated goat antimouse were both specifically bound to the dots ( Figure 3C ). In contrast, when biotinylated goat anti-mouse was omitted from the second incubation, no binding of donkey anti-goat Ax488 was detected ( Figure 3D ). This method of linking proteins to the dish surface should prove useful if a putative signaling factor can be purified and biotinylated. The high concentration of biotinylated BSA spotted on the dish, plus the multivalency of avidin, ensures that any biotinylated protein added subsequently will become highly concentrated on the dots.
If antibodies (unlike avidin) retained their binding activity after spotting, then antibody-spotted dishes would allow concentration of putative signaling factors, even from impure preparations such as medium conditioned by transfected cells. To test this possibility, we spotted slides with donkey anti-goat IgG Ax488 plus BSA-Ax488. After laminin coating, the slides were incubated with goat IgG Ax568 (goat antimouse in L-15 medium supplemented with FBS) for 12 h at room temperature. Upon examination, goat IgG was found specifically bound to the dots ( Figure 3E ). Identical dishes incubated with donkey IgG Ax-568 after spotting instead of goat IgG Ax568 showed no binding ( Figure 3F ).
CONCLUSIONS
Patterned substrates represent an important step in the progression of in vitro assay systems toward the ultimate goal of replicating in vivo environments. Assays involving such substrates will become increasingly valuable as more localized cues are discovered. In some cases, specific patterns (e.g., stripes) may be needed, and sophisticatShort Technical Reports ed methods for generating them are being developed in many laboratories. However, in many cases, the geometric requirements are not stringent, and technical simplicity and speed are more desirable. Spotted substrates should prove useful in such cases.
We were also able to develop techniques to couple proteins to dots formed from selectively adhesive materials. These modifications allow proteins that are less abundant, pure, or stable to be used in a spotted dish assay, thereby expanding the range of signals that can be tested. Together, these methods should be applicable to assays of a variety of putative cues and the analysis of their effects on diverse cell types.
INTRODUCTION
Apyrases are enzymes that hydrolyze nucleoside diphosphates and triphosphates and are dependent on Ca 2+ or Mg 2+ for activity (13) . The potato apyrase enzyme has a high catalytic activity with the ATPase k cat K M of approximately 10 8 M-1 s-1 (8) . Apyrase enzymes have been implicated in many cellular functions, including golgi compartment protein glycosylation (6), depletion of parasite host cell ATP levels (15), purine salvage mechanisms (12), viral and cancer mechanisms (4, 13) , and inhibition of platelet aggregation (1) . Besides apyrase function in the cellular mechanisms mentioned above, potato apyrase specifically is an important industrial enzyme used in assays such as luciferase-based microbial contamination tests to clear samples of background ATP (16).
Despite the interest in apyrase function, there is a lack of useful inhibitors specific for apyrase. Typical inhibition of apyrase activity involves the use of ATP analogues such as ARL 67156 (7, 17) or a high concentration of sodium azide (11) or vanadate. However, these inhibitors may be impractical for use in some research or industrial applications and unsuitable as potential therapeutic agents. In fact, literature discussing apyrase is punctuated with comments regarding the lack of apyrase inhibitors (2, 14, 18) .
Colorimetric assays such as the Fiske-Subbarow and malachite green tests for the release of inorganic phosphate are widely used for measuring ATPase activity and other processes involving free phosphate (3, 10) . Here we discuss an automated, high-throughput screen designed to obtain efficient and effective small-molecule inhibitors of apyrase from a library of compounds. This screen utilizes the Fiske-Subbarow assay and a commercially pre-
